Abstract Germline mutations in PTEN, which encodes a widely expressed phosphatase, was mapped to 10q23 and identified as the susceptibility gene for Cowden syndrome, characterized by macrocephaly and high risks of breast, thyroid, and other cancers. The phenotypic spectrum of PTEN mutations expanded to include autism with macrocephaly only 10 years ago. Neurological studies of patients with PTENassociated autism spectrum disorder (ASD) show increases in cortical white matter and a distinctive cognitive profile, including delayed language development with poor working memory and processing speed. Once a germline PTEN mutation is found, and a diagnosis of phosphatase and tensin homolog (PTEN) hamartoma tumor syndrome made, the clinical outlook broadens to include higher lifetime risks for multiple cancers, beginning in childhood with thyroid cancer. First described as a tumor suppressor, PTEN is a major negative regulator of the phosphatidylinositol 3-kinase/protein kinase B/mammalian target of rapamycin (mTOR) signaling pathway-controlling growth, protein synthesis, and proliferation. This canonical function combines with less well-understood mechanisms to influence synaptic plasticity and neuronal cytoarchitecture. Several excellent mouse models of Pten loss or dysfunction link these neural functions to autism-like behavioral abnormalities, such as altered sociability, repetitive behaviors, and phenotypes like anxiety that are often associated with ASD in humans. These models also show the promise of mTOR inhibitors as therapeutic agents capable of reversing phenotypes ranging from overgrowth to low social behavior. Based on these findings, therapeutic options for patients with PTEN hamartoma tumor syndrome and ASD are coming into view, even as new discoveries in PTEN biology add complexity to our understanding of this master regulator.
Introduction
The PTEN tumor suppressor gene on 10q23 was originally identified as a cancer predisposition gene in 1996-7 [1] [2] [3] . Since then, prospective observational studies have demonstrated that those with germline PTEN mutations are at increased risk of breast (women), thyroid, renal, and colon cancers, as well as melanoma [4] [5] [6] . In the 10 years since germline mutations in PTEN were discovered as a cause of autism spectrum disorder (ASD) in children with macrocephaly, studies have proliferated examining their prevalence, as well as the roles of phosphatase and tensin homolog (PTEN) within the central nervous system (CNS) [7, 8] . Now validated as an ASD susceptibility gene, PTEN mutation testing is a major consideration in cases of ASD with macrocephaly [9] . As our understanding of the phosphatase's multiple roles in the CNS has progressed, so has our awareness of the lifetime health outlook for individuals carrying PTEN mutations. Today, while its role as a negative regulator of the phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT)/mammalian target of rapamycin (mTOR) signaling pathway is well established, we are just beginning to appreciate the existence of an alternative isoform and new nuclear functions [10, 11] . How these new facets of PTEN biology affect its activity in the CNS is still unknown. Today, many groups are focused on areas where there is duality in PTEN activity-either at the phenotypic level between cancerous and neurodevelopmental symptoms, or at the cellular level where PTEN simultaneously regulates proliferation and connectivity. Therapeutic approaches that replace PTEN functions, such as mTOR inhibition, show great promise in mouse models and are poised to become the next big advance in the care of patients with PTEN mutations.
Connecting Phenotype and Genotype Across the Lifespan
The first case study of a child with a PTEN mutation and autism (PTEN-ASD) described a boy who inherited a nonsense mutation from his mother, who herself was diagnosed with Cowden syndrome but did not have social or intellectual disabilities [12] . Following this report, which recommended PTEN mutation screening in cases of macrocephaly with pervasive developmental delay, came the first estimate of mutation frequency in a prospective series of patients with macrocephaly and autism. In 2005, Butler et al. [13] reported 3 PTEN mutations in a series of 18 children with macrocephaly and ASD (Table 1 ). This benchmark prevalence of 17 % remains near the weighted average reported across nearly 10 subsequent studies (Table 1) [13, 15-18, 20, 21] . Together, these results provide a strong case for PTEN mutation testing in children with ASD and macrocephaly, and the utility of such endophenotypes within the general ASD population as guides for judicious use of genetic testing.
Macrocephaly is defined as an occipital-frontal circumference (OFC) > 2 SDs from the mean for one's height, sex, and ethnicity. Several studies from the USA and Europe estimate the prevalence of macrocephaly within ASD to be around 20 % [16, 22] . Macrocephaly within ASD is linked to increased brain mass and white matter volumes, local processing bias, and genetic syndromes like PTEN hamartoma tumor syndrome (PHTS) that have clinically actionable adult phenotypes [16, 23, 24] . Combined with ease of measurement, these associations make macrocephaly an important endophenotype within ASD, worthy of deeper study.
The degree of macrocephaly observed in patients with ASD and PTEN mutations is often more severe than that seen in those with wild-type PTEN, as measured by the number of SDs from the mean. For example, of the 6 PTEN mutationpositive patients reported in the study by Varga et al. [18] their OFCs ranged from 2.9 to 5.8 SDs above the mean. A 2011 study by our group at the Cleveland Clinic [25] examined OFCs in a cohort of 181 PTEN mutation-positive individuals, finding their average head size to be +3.5 SDs from average in adults and +5 SDs in the pediatric subset. While subgroup analyses were only performed for age, sex, and mutation type (missense, truncating, or whole-gene deletions), individuals could be enrolled in the study for PTEN mutation testing if they met 1 of several criteria, including the relaxed definition of Cowden syndrome or the presence of autism plus macrocephaly [25] . The degree of macrocephaly was above that reported in many other genetic syndromes, which may allow for a shorter differential diagnosis and more costefficient efforts to identify a causative mutation in children with extreme macrocephaly and ASD. In our experience, children with PTEN-ASD are frequently identified in the first 2 years of life, typically as a result of macrocephaly, at times so great that it necessitates delivery by cesarean section.
Neuroimaging studies are necessary to uncover the structural differences underlying such extreme macrocephaly, and bridge genotype with phenotype for patients with PTEN-ASD. Two independent studies report structural magnetic resonance imaging (MRI) phenotypes in patients with PTEN-ASD [26, 27] . The multinational cohort described by Vanderver et al. [27] was retrospectively selected based known white matter pathology (n = 23), and included patients with and without ASD. The study by Frazier et al. [26] was designed to identify phenotypic characteristics of PTEN-ASD compared with PTEN mutation-negative ASD patients with and without macrocephaly, as well as healthy controls. The former study focused on the periventricular white matter and perivascular spaces, finding that all patients had macrocephaly and multifocal white matter abnormalities, enlarged periventricular spaces, or both [27] . As a prospective study, we were able to measure volumes for total grey and white matter, multiple brain structures including the corpus callosum, as well as cortical thickness and white matter hypointensities [26] .
In our cohort, structural brain MRI findings in PTEN-ASD were remarkably consistent across patients, and highlight the utility of studying a defined genetic subgroup when exploring the underlying brain pathophysiology of ASD [26] . Consistent with large head circumference, patients with PTEN-ASD had dramatically increased total brain size. However, megalencephaly was almost entirely driven by increased cortical white matter, including callosal volume, with grey matter increases being much less dramatic and cortical thickness attenuated relative to measurements in idiopathic macrocephalic and normocephalic ASD, as well as healthy controls [26] . The increases in white matter volume bear similarity to the OFC measurements of patients with PTEN-ASD, representing more extreme examples of what has been seen in idiopathic macrocephalic ASD [24, 26] . The massively increased white matter was also grossly abnormal, as indicated by substantial elevations in white matter hypointense areas on T1 images. Hypointensities were seen throughout the deep white matter, had markedly elevated volume in all but one patient with PTEN-ASD, and these volumes decreased slightly at higher ages. Only the oldest patient with PTEN-ASD (age 25 years) in our cohort did not show an elevated volume of white matter hypointensities relative to idiopathic ASD and controls [26] . This pattern suggests abnormal development of myelination, possibly consistent with unraveling myelin in Pten mouse models, rather than progressive deterioration [26, 28, 29] . Diffusion tensor imaging studies are needed to characterize these white matter abnormalities carefully. Specifically, longitudinal evaluations of a larger cohort of patients with PTEN-ASD, including multimodal imaging, comprehensive neurobehavioral phenotyping, and molecular signaling, will be crucial in understanding the developmental nature of these findings and identifying the underlying biology driving these abnormalities.
Recently, a series of case reports demonstrated epileptic seizures in PTEN mutation-positive patients, often linked to cortical dysplasia [30] [31] [32] [33] [34] . In 2011, Conti et al. [34] presented the first case of a 14-year-old boy with a deletion of PTEN exon 2, whose seizures began when he was 8 years old and could be controlled with valproic acid. Soon afterward, 3 separate reports described PTEN mutation-positive patients with both cortical dysplasia and seizures. These cases are characteristic of PHTS in that their phenotypes are quite disparate, ranging from a patient with ASD whose seizures began as infantile spasms to a man who first presented with partial epilepsy at the age of 55 years and was found to have multiple skin lesions and colonic polyps [31, 33] . It will take detailed phenotyping in larger cohorts to reveal the prevalence of epilepsy within PHTS, but these intriguing reports align well with the high rates of seizures in tuberous sclerosis complex (TSC), a separate condition also linked to the PI3K pathway.
While the physical manifestations of a PTEN mutation, such as extreme macrocephaly, guide mutation testing and diagnosis for patients with PTEN-ASD, we must understand their cognitive and behavioral profile in order to develop informed strategies for therapy or other interventions. In our large cohort of patients with well-phenotyped PTEN-ASD, an early history of fine and gross motor difficulties was ubiquitous. Almost all patients reported delays in independent walking accompanied by deviations from the usual pattern of rolling over, sitting up, crawling, and supported walking [26] . With age, fine motor deficits become more apparent in many individuals, requiring occupational therapy and accommodations. Abnormal language development, both receptively and expressively, is also common. Almost all patients ascertained to date have reported delays in first words and phrases, with a substantial minority (29 %) remaining nonverbal or minimally verbal after the age of 4 years. Verbal ability scores were also lower, with 59 % of patients with PTEN-ASD scoring < 60 [26] . As with other idiopathic cases, a disproportionate reduction in expressive, but not receptive, (7) ASD = autism spectrum disorder; MLPA = multiplex ligation-dependent probe amplification language is common. As patients with PTEN-ASD reach childhood, cognitive deficits are readily discerned in the majority of patients, with intellectual disability (full-scale IQ < 70 with functional impairment) occurring in 47 % of patients and an additional 29 % having borderline-to-low average intellectual functioning. Even after considering reductions in general intellectual ability, patients with PTEN-ASD show disproportionate reductions in working memory and processing speed relative to idiopathic ASD patients and healthy controls [26] . The reductions in processing speed are apparent even in brief interactions, with patients with PTEN-ASD having delayed response latencies to questions and directives. These cognitive weaknesses require accommodations for learning beyond typical intensive behavioral intervention methods, including using short, clear phrases when giving directives or asking questions, repeating phrases or asking attention questions to ensure information is received, and allowing for response delays. Intriguingly, not all patients with PTEN-ASD show obvious cognitive deficits, with a small proportion of our initial cohort (24 %) having average to slightly above average intellectual ability [4, 9, 26] . The lack of a detectable connection to mutation location or type and with significant observed variability across siblings with the same mutation, other molecular explanations, including background genetics or epigenetic mechanisms, merit exploration as determinants of cognitive phenotype. Further studies are also needed to compare the cognitive profile of PTEN-ASD with other syndromic forms of ASD, as well as other neurodevelopmental disorders. Such studies would help personalize behavioral therapy for patients with PTEN-ASD, and may add insight into how the neural functions of PTEN translate to regulation of human behavior. Identification of a PTEN mutation allows for a molecular diagnosis of PHTS, irrespective of clinical diagnosis, and the beginning of a multispecialty cancer surveillance regimen that will continue through adulthood [35] . Cancer risks in individuals with PHTS, regardless of their ASD status, begin to diverge from the normal population in childhood. A thyroid ultrasound is recommended at the time of genetic diagnosis, as thyroid cancer can appear before the age of 10 years, and repeated annually [36] . With age, the risks for other solid tumors increase, and screening programs for breast, endometrial, and renal cancers are well reviewed elsewhere [4, 35] . Beginning at the age of 30-35 years, yearly cancer screenings should be expanded to include mammograms and/or breast MRI, as well as endometrial surveillance for women, colonoscopy, and a skin examination [4] . Kidney surveillance begins at the age of 40 years, continuing every other year [35] . Benign overgrowths associated with the syndrome include mucocutaneous lesions, facial trichilemmomas, acral keratosis, papillomatous papules, and mucosal lesions. These dermatologic features can be subtle but are highly predictive of a germline PTEN mutation [9] .
There are several PTEN mutations seen in patients with and without ASD, beginning with the first case report in 2001 where the proband with autistic behaviors inherited a PTEN mutation from his neurotypical mother [12] . Apart from the extremely early risk of thyroid cancer, the cancer risks in PHTS typically begin to manifest in the patients' 30s, and so a lack of cancer diagnoses in a child with ASD and PHTS is noninformative [4] . While the conclusion that non-PI3K-related functions of PTEN may be critical factors for PHTSassociated ASD is important, there is no evidence yet to suggest that children with ASD and PTEN mutations are exempt from the cancer risks associated with the syndrome.
PTEN Structure, Localization, and Signaling
The spectrum of mutations seen in PHTS (with and without ASD) extends throughout the coding sequence of PTEN [9] . Located on human chromosome sub-band 10q23.3, the 9-exon PTEN gene encodes a 403-amino acid phosphatase with four major domains [37, 38] . Within the N-terminal tail are several key motifs, including the phosphatidyl-inositolbisphosphate (PIP 2 ) binding motif and both nuclear and cytoplasmic localization sequences [11, 37, [39] [40] [41] . The protein phosphatase domain contains the catalytic core of the protein, stretching from amino acid 123 to 130 [37] . A C2 domain facilitates membrane binding, and the PDZ-binding motif within the C-terminal tail allows protein-protein interactions, such as those with the synaptic scaffolding protein postsynaptic density protein 95 [37, 42] . Recent reports identified a new isoform of PTEN generated by alternative splicing, named PTEN-long for its additional 173 amino acids at the Nterminus [43, 44] . Our cohort of 290 probands with PHTS revealed mutation hotspots in exons 5, 7, and 8, together accounting for 61 % of all pathogenic variations observed [9] . The exon 5 hotspot includes the catalytic core of PTEN, and mutations within this 7-amino acid stretch affect probands with a wide variety of clinical presentations [9, 45] . Deletions and duplications affecting PTEN are less common within PHTS than single base pair alterations, though they can still be found over the entire coding sequence [9] . Even the largest cohorts of patients with PHTS are insufficient to identify clear genotype-phenotype associations, a limitation that prompted several attempts to cluster germline PTEN mutations by their impact on its phosphatase activity and signaling.
The best-studied function of PTEN is its plasma membrane-associated dephosporylation of PIP 3 to PIP 2 , though this is far from its singular activity (Fig. 1) [46] . PIP 3 is produced by PI3K as a response to the binding of growth factors or other molecules to receptor tyrosine kinases, acting as a potent second messenger [47] . PTEN inhibition of PIP 3 results in decreased phosphorylation of the serine-threonine kinase AKT [46] . Elevation of this phosphorylation at Ser473 and Thr308 are common readouts of PTEN loss. Utilizing lymphoblastoid cell lines (LCLs) generated from patients with PHTS, our group demonstrated that, on average, germline PTEN mutations lead to reductions in PTEN protein levels and increases in phosphorylated AKT1 [9] . In fact, there was a strong inverse association between a patient's phenotypic burden and the level of PTEN protein observed in their LCL. The AKT/mTOR signaling pathway is well studied within both the cancer and neuroscience communities. AKT alone is a major activator of several cellular processes, including protein synthesis, cell cycle progression, and survival. Activation of AKT allows it to phosphorylate TSC2, thus removing the TSC1/2 complex's inhibition of mTOR complex 1 [48] . In turn, mTOR activation promotes ribosome biogenesis and increased translation efficiency. Mutations in TSC1/2 underlie TSC, another genetic syndrome with high rates of ASD, and together with PTEN suggest that tight regulation of the PI3K/AKT/mTOR pathway is essential for normal social behavior. Indeed, clinical trials assessing the benefit of mTOR inhibitors for autism and other neuropsychological symptoms of TSC are underway, using compounds already approved for other indications (everolimus).
In a hunt for a distinguishing feature of germline PTEN mutations that lead to ASD compared with those only identified in patients without ASD, multiple groups have interrogated their effects on PTEN phosphatase activity and AKT inhibition. Reporting an H93R missense mutation observed in a child with ASD, Redfern et al. [49] found disrupted binding to PIP 2 , leading to increased association with the plasma membrane. This mutant PTEN also exhibits reduced lipid phosphatase activity, perhaps due to structural alterations that prevent the necessary conformational switch. Their results sparked the hypothesis that ASD-associated PTEN mutations affect AKT inhibition differently than those appearing in adults with predominantly cancer phenotypes. Using a yeast reconstitution system, one study measured the phosphatase activity of 14 mutations associated with ASD or developmental delay [50] . It found that the majority of these mutations retained most of their phosphatase activity, in contrast to the more severe functional impairment seen in a panel of PTEN mutations that were only reported in cases of PHTS without ASD [50] . These results were recently confirmed by Spinelli et al. [51] who reported better AKT inhibition in 7 PTEN mutations seen only in ASD with PHTS cases compared with 5 mutations observed in patients with PHTS with high tumor burdens.
While these reports are provocative, and would suggest lower cancer risks for patients with these ASD-linked mutations, studies from our group provide evidence that levels of AKT inhibition are unlikely to provide meaningful clinical distinction. From our cohort of nearly 300 PHTS probands plus their affected family members, we know that the phenotypic effects of germline PTEN mutations can be highly variable, even within a single mutation [45] . We found that pathogenic mutations, unselected for phenotype, led to increases in phosphorylated AKT (p-AKT) in cell lines derived from patient blood samples (LCLs) [9] . Combined with the clinical perspective that PTEN mutations first identified in a pediatric Fig. 1 Neuronal PTEN signaling at the soma and synapse. RTK = receptor tyrosine kinase; IRS = insulin receptor substrate 1; RAS = rat sarcoma; RAF = rapidly accelerated fibrosarcoma; MEK = mitogen-activated protein/ extracellular signal-regulated kinase kinase; ERK = extracellular regulated kinase; PI3K = phosphatidylinositol 3-kinase; PIP 2 = phosphatidyl-inositolbiphosphate; PIP 3 = phosphatidyl-inositoltriphosphate; PTEN = phosphatase and tensin homolog; AKT = protein kinase B; P = phosphorylation; TSC1 = tuberous sclerosis complex 1; TSC2 = tuberous sclerosis complex 2; mTORC1 = mammalian target of rapamycin complex 1; 4EBP1 = eukaryotic translation initiation factor 4E binding protein 1; NMDAR = Nmethyl-D-aspartate receptor; PSD-95 = postsynaptic density protein 95 setting are poor indicators of later tumorigenic potential, this result indicates that inhibition of PI3K signaling cannot predict risk of neurodevelopmental or cancer phenotypes. Supporting this assertion, we published a report describing a wide variety of clinical phenotypes in patients with identical missense or nonsense mutations [45] . In this same study, we divided PTEN mutation-positive patients into those with and without elevated proteasome activity, which was associated with lower PTEN protein levels. Neurological symptoms, including ASD, developmental delay, and intellectual disability, were more common amongst patients with high proteasome activity-even though their mutations were also found in patients without such symptoms [45] . Increases in the identification of ASD, including a massive increase in prevalence estimates from~5 in 10,000 in the 1980s to 1 in 68 in 2014, have provided an additional challenge to comprehensive cohort ascertainment in studies of genetic forms of ASD, particularly over the last decade, in which awareness and ascertainment have changed most dramatically [52] [53] [54] [55] . Future studies seeking a way to predict which patients with PHTS will develop neurodevelopmental phenotypes such as ASD should turn their attention to non-PI3K-related functions of PTEN, and consider dividing patient cell lines by their molecular phenotypes rather than specific mutations.
As we continue to discover noncanonical roles for PTEN, the importance of its intracellular localization to its activity becomes more pronounced. The activities of nuclear PTEN are numerous but remain poorly studied compared with its cytoplasmic roles. PTEN translocates to the nucleus via multiple mechanisms, including monoubiquitination and interaction with major vault protein [56, 57] . Its nuclear export appears dependent on active transport or association with Ran-guanosine triphosphatase [39, 58] . As in the cytoplasm, nuclear PTEN still exhibits lipid phosphatase activity, including inhibition of AKT phosphorylation [45] . In addition, studies show that nuclear PTEN can inhibit mitogenactivated protein kinase signaling, promote apoptosis independently of p53, and aid chromosomal stability through association with centromere protein C [59, 60] . A very recent report indicates that nuclear PTEN also contributes to chromatin condensation, and thus transcriptional repression at a genome-wide level, through physical interactions with histone H1 [10] . Additional cytosolic functions of PTEN may be found in the activity of PTEN-long, as recent studies suggest that this isoform may aid adenosine triphosphate production within mitochondria [44] . That new isoforms and functions of PTEN are still being uncovered underscores how little we know about this major regulatory protein. Relating these discoveries to the neurological functions of PTEN, and PHTS as a whole, may bring new insights into how mutations in one protein can produce such varied clinical phenotypes.
Pten Loss in Mice Leads to Cytoarchitecture and Synaptic Alterations
Fifteen years of applying mouse models to the study of Pten neurobiology reveal a remarkably consistent set of cellular processes regulated by this phosphatase. The picture muddies somewhat in the details, recent examples being the directionality of Pten regulation or how phenotypes manifest in conditional knockouts (cKOs) compared with germline disruption models [61] [62] [63] [64] [65] . The 1998 discovery that homozygous deletion of Pten in mice causes embryonic lethality by embryonic day 7.5 directed many groups toward homozygous cKOs to investigate Pten functions in the CNS [66] . Pten heterozygous animals are viable, and along with the differentiated neuronrestricted model Nse-cre;Pten loxP/loxP , represent the best phenotyped models for Pten loss in the CNS [62, 66] . Extending findings from these earlier models, second generations of Pten cKOs with more restricted Pten loss were used to pinpoint the minimal cell types and time points required for normal behavioral and synaptic development [67, 68] . While neuronal models have the most complete phenotyping for ASD-like deficits, the emergence of glial gene expression signatures in studies of neural tissue from individuals with ASD prompts further consideration of roles for PTEN in astrocytes and oligodendrocytes as well [69] . As we consider both overgrowth (macrocephaly, cancer) and neurodevelopment in PHTS, these models provide excellent tools for uncovering how PTEN simultaneously regulates proliferation and connectivity in the CNS.
Hyperproliferation is a nearly ubiquitous finding in models of neural Pten loss, usually a result of elevated AKT/mTOR signaling. The effect is particularly striking in progenitor populations, which must balance renewal of the stem population with the generation of fate-restricted daughter cells [67] . In the Nestin-CreER T2 mouse, Pten loss in neural progenitors caused a burst of proliferation and generation of new neurons. This increase was followed by early terminal differentiation that was skewed toward the astrocytic lineage [67] . In the Pten m3m4 model, disruption of Pten localization toward cytoplasmic predominance led to a substantial increase in neural/ glial antigen 2-positive polydendrocyte proliferation accompanied by greater numbers of astrocytes and oligodendrocytes, without affecting the density of neurons or microglia [61] . As we learn more about the importance of the farreaching PI3K pathway in ASD pathogenesis, it is tempting to speculate that it may also be involved in the temporary elevation of early brain growth seen in some patients with ASD, which normalizes as neurotypical children catch up between the age of 6 and 10 years [70] .
Increased cell size is another hallmark feature of lowered Pten activity, seen across cell types and modes of Pten disruption. That total Pten loss in neurons and astrocytes causes sufficient increases in AKT/mTOR signaling to generate cellular hypertrophy is unsurprising [62, 71] . Phenotype reversal after rapamycin (a mTOR complex 1 inhibitor) administration confirms that the increased p-AKT seen in the hypertrophic cells drives this process [72] . Connecting these proofof-principle findings with clinical data, subtler models of Pten disruption still show cellular hypertrophy resulting from more modest elevations in p-AKT. For example, the Pten m3m4 mouse exhibits a 30 % drop in neural Pten and 10-25 % increases in cell body size across multiple neuronal populations [61] . Gross size increases may be less important to the synaptic and behavioral phenotypes of these models than disrupted cytoarchitecture at points of information transfer, such as dendritic spines and the myelin sheath.
The consequences of increased AKT/mTOR signaling in morphologically complex cells like neurons and oligodendrocytes extend to both the shape and number of their projections. These changes in axons, dendritic spines, and myelin ultrastructure are likely signs of and contributors to altered connectivity in mouse models of Pten loss in the CNS. Multiple models of neuronal Pten loss, covering different populations and brain regions, exhibit increased branching of the dendritic arbor, thickening of these processes, and even ectopic axonal projections [61, 62, 73, 74] . Using Golgi staining to visualize these neurons, several groups also reported increased spine density in various regions [62, 72, 74, 75] . Normalized gross morphology and spine counts following rapamycin administration confirmed that these overgrowth phenotypes involve elevated mTOR signaling [72] . Later, Haws et al. [76] used more sensitive cell-filling techniques to demonstrate that while the number and size of mature, mushroom-shaped spines was increased, total spine counts did not increase after Pten knockdown in vivo. This important finding suggests that the main effect of Pten signaling in dendritic spines is related to their stabilization and maturity, rather than sheer number. Integrating this finding into our understanding of how PI3K signaling functions during synaptic activity will clarify whether changes in spine shape are an independent effect of Pten loss or a secondary effect of increased synaptic activity. Alterations to the myelin sheath, including increased myelination, disrupted nodes of Ranvier, and splitting of the myelin lamellae, are major phenotypes in oligodendrocyterestricted models of Pten loss or AKT activation [28, 29, 77] . Similarly to the increased callosal volumes observed in patients with PTEN-ASD, Pten m3m4 mice also exhibit upregulation of myelination-related genes and corpus callosum thickening, suggesting that even modest Pten disruption is sufficient to affect the myelination process [26, 61] . As evidence of glial involvement accumulates in studies of idiopathic ASD, more studies are needed to determine how altered myelination after PTEN disruption affects social and other ASD-linked behaviors.
Multilevel interaction between PTEN and the molecular machinery of synaptic communication represent a direct link to a hallmark feature of ASD neuropathology, described at the level of neuroimaging, as well as transcriptomic studies [69, 78] . The first report placing Pten at the synapse came in 2004, when Peradones et al. [79] described PTEN localization in dendrites and their spines during developmental periods of synaptic stabilization. Linking canonical functions of PTEN with synaptic activity, turnover of the PIP 2 /PIP 3 pool is critical for neurotransmitter vesicle cycling and PI3K activity is essential for long-term potentiation (LTP) [80] . While PIP 3 levels rise as a result of PI3K activity during both LTP and long-term depression (LTD), PTEN reduces PIP 3 levels only during N-methyl-D-aspartate receptordependent LTD, acting as a switchboard distinguishing the 2 forms of synaptic plasticity [80] . Downstream, LTP requires new protein synthesis at the dendritic spine, an mTOR signaling-dependent process that can be activated by brainderived neurotrophic factor following Pten degradation [81] . PTEN also appears to be involved in neurotransmitter receptor trafficking, binding to both the N-methyl-D-aspartate receptor subunit NR2A and the scaffolding postsynaptic density protein 95 [42, 82] . How these physical associations with other synaptic proteins contribute to connectivity and behavior are open questions deserving deeper study, especially as nonphosphatase activities of PTEN are increasingly considered as part of the etiology of ASD within PHTS.
These varied roles for PTEN in the molecular machinery of synaptic plasticity add to the regulation of both short-and long-range connectivity in the brain. Alterations in each of these processes are linked to ASD pathogenesis, suggesting that PTEN-regulated pathways may be point of convergence in the broad etiologies of the disorder [78] . Several reports indicate that PTEN inhibition of PI3K is essential for LTD, with conflicting reports on its requirement in LTP [42, 63] . This role in synaptic plasticity may be disconnected from PTEN regulation of cell size and morphology, as multiple reports indicate that functional deficits arise prior to neuronal hypertrophy [64, 65] . The baseline electrical activity of PTEN-null neurons also appears to be altered in favor of increased excitatory postsynaptic current, as measured in both the hippocampus and basolateral amygdala [75, 76] . These reports demonstrate an altered balance of excitatory and inhibitory activity paralleling findings of local hyperconnectivity in human ASD. Xiong et al. [83] showed that Pten loss in neurons of the auditory cortex led to increased synaptic responses to both local inputs and long-range stimulus across the corpus callosum. These increased responses could be blocked with rapamycin administration, suggesting that mTOR signaling is required [83] . While long-range hypoconnectivity is more commonly reported in human ASD, it is possible that such circuits are sensitive to disruption in either direction, especially during critical points i n neurodevelopment.
Autism-like Behavioral Phenotypes in Mouse Models of Pten Loss or Disruption
Phenotyping mouse models of both idiopathic and syndromic forms of ASD requires an appreciation for the range of behaviors seen in patients with autism and any abnormalities specific to the patient population of focus. There are several models of Pten disruption in mice that exhibit abnormal social behavior, usually in combination with other behavioral deficits ( Table 2) . Compared with wild-type mice, the first model to demonstrate reduced social behavior was the Nse-cre; Pten loxP/loxP mouse, which showed a reduced preference for another mouse than a nonsocial object [62] . This decrease in social behavior was replicated in later models based on Pten loss in more restricted populations, such as granule cells of the dentate gyrus and cerebellum or neural progenitors in adult animals [67, 87] . Having established the critical role of neuronal Pten activity for normal social behavior, other models add context for what may occur in PHTS where PTEN mutations are germline and behavioral phenotypes are the collective expression of this pathology in every cell type. Although their phenotypes are an imperfect match, the germline heterozygous Pten +/-mouse is the closest available model for patients with PHTS with PTEN alterations that lead to low protein dose, such as nonsense mutations or frameshift causing insertions/deletions [9] . Several studies give a thorough description of social and other ASD-linked behaviors in these animals [84, 85, 88] , finding lower overall sociability and a number of sex-specific phenotypes. Most recently, our group identified inappropriately elevated social behavior in male Pten m3m4 mice, where Pten localization is altered similarly to that seen in some PHTS missense mutations [57, 61] . Together, these models point to an essential role of neuronal Pten in the regulation of social behavior, and hint that the molecular consequences of each specific mutation may influence the phenotypic outcomes. It is remarkable that differing alterations to the same gene can produce social behavior phenotypes that cover the full range of human ASD-from socially withdrawn children with intellectual disability (modeled well by Nse-cre; Pten loxP/loxP mice) to the more socially motivated picture seen in high-functioning cases (perhaps modeled by Pten m3m4 mice) [57, 62] . In addition to social behavior deficits, several mouse models of Pten loss exhibit behaviors relevant to other core symptoms of ASD or frequent comorbidities. Repetitive behaviors, now a critical half of ASD diagnosis, are seen in Gfap-Cre; Pten loxP/loxP and male Pten +/-animals as repetitive marble burying or selfgrooming [84, 87] . Although epilepsy is not part of Cre-lox = Cre-loxP-mediated recombination; NA = not applicable the diagnostic criteria for ASD, its association with germline PTEN mutations in several recent case reports adds new relevance to the seizure phenotypes observed in multiple mouse models of neural Pten loss [30-33, 62, 86] . Both increased anxiety and lack of appropriate fear are reported in human ASD, and this range of behaviors is also seen in models of neuronal Pten loss. The Gfap-Cre; Pten loxP/loxP model exhibits lower than usual anxiety levels in combination with hyperactivity, while the Nse-cre; Pten loxP/loxP mouse showed high levels of anxiety-like behavior, as well as increased locomotion in the open field test [62, 87] . The Pten m3m4 model also demonstrated poor balance on the accelerating rotarod task, potentially in keeping with the motor clumsiness reported in individuals with high-functioning ASD [61, 89] . Finally, altered circadian rhythms are noted in ASD, and are also reported in the Nse-cre; Pten loxP/loxP model as disturbed free-running rhythm and lower overall circadian activity in female Pten +/-mice [84, 86] .
Conclusions
Our understanding of PTEN as a major regulatory protein in both neurobiology and tumorigenesis has grown in parallel over the last decade. PHTS spans these 2 fields, as individuals bearing germline PTEN mutations must first face the risk of neurodevelopmental problems, followed by escalating risks for multiple cancers. Based on the work of many groups demonstrating the potential for mTOR inhibitors to prevent or even reverse phenotypes associated with Pten loss in mice, we await the results of a recent clinical trial that examined the effect of mTOR inhibition in adult patients with PHTS, with or without cancer (ClinicalTrials.gov identifier: NCT00971789). A third role of PTEN regulation in human biology is in metabolism, seen in patients with PHTS at high risk for insulin resistance and obesity [90] . As metabolic processes are foundational to both neurological function and tumorigenesis, targeting such imbalances in patients with PHTS may one day constitute an alternative to signaling-pathway based pharmacological interventions. It is highly probable that investigation of new avenues in PTEN biology will produce new targets or mechanisms amenable to therapeutic intervention, an important consideration as the number of noncanonical functions of PTEN continues to grow.
